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Abstract 
The temperature in concrete is a main factor influencing concrete carbonization, chloride diffusion and the corrosion rate of steel bars in the 
concrete. To predict the temperature response in concrete in a natural climate environment, the experiments for temperature response in 
concrete under artificial and natural climate environment conditions were carried out. The results indicate that the temperature responses in 
concrete show obvious hysteresis characteristics. A prediction model for temperature response in concrete was presented based on the behavior 
of the concrete’s thermal conduction. Then, a method for processing the climate temperature data was devised using the mathematical principle 
of extreme difference dissection, through which a temperature action spectrum can be formed. In view of the above mentioned studies, the 
corresponding temperature response in the concrete could be predicted. Comparisons were carried out between the prediction and the 
measurement of the temperature responses and the result showed that they were consistent.    
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1. Introduction 
The temperature and relative humidity in a natural climate environment constantly vary with time. The variations show not 
only the diurnal and seasonal periodicity, but also obvious randomness. At the same time, for concrete structures, the temperature 
and relative humidity in both the atmosphere and the concrete show obvious differences due to thermal conduction and pore 
structure densification of the concrete. Conversely, the indicator for moisture level in the concrete is moisture content, not 
relative humidity. Therefore, the temperature and moisture content in the concrete are main factors directly influencing concrete 
carbonation, chloride diffusion and the corrosion rate of steel bars; while the temperature and relative humidity in a natural 
climate environment are not direct influence factors. 
In some existing models predicting concrete carbonation, chloride diffusion and the corrosion rate of steel bars, the effects of 
natural climate environmental temperature and relative humidity were considered. Khunthongkeaw [1] and Sisomphon [2] and Ha-
Won Song [3] et al. discussed the effects of environmental conditions (temperature, relative humidity and CO2 concentration) on 
concrete carbonation; Oh [4] and Lindvall [5] studied the effects of the environmental parameters on chloride ingress; Pour-Ghaz [6] 
and Lyons [7] investigated the influence of temperature and relative humidity variations on the corrosion of steels in concrete. 
However, the model directly involving the effects of temperature and moisture content in concrete has not been found.  
This paper mainly focuses on the temperature response in concrete in a natural climate environment. Firstly, the researches on 
regularities of temperature response were carried out in the artificial constant temperature environment and natural climate 
environment; at the same time, the thermal conductivities of concrete were measured and the model containing the effects of 
W/C and the moisture content of concrete was built. Thereafter, a method forming action spectrum of the ambient temperature 
was constructed to predict the temperature responses in concrete in a natural climate environment. 
2. Experiments on temperature response in concrete in a climate environment 
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Temperature in concrete samples and environmental temperature were measured at regular time intervals. The purpose was to 
conduct research on the regularity of the temperature responses in concrete in the climate environment. 
2.1. Experiment design 
2.1.1. Test specimen 
The test specimens were made of C25 concrete. The concrete mixture proportion is mC:mS:mG:mW=1:1.75:2.98:0.55. The 
specimen dimensions are 150 × 150 × 100 mm3, and the temperature sensor was set 25 mm deep into the specimen. The 
specimen design and the setup of the temperature sensor are shown in Fig. 1. Two groups of the specimen are arranged in Table 
1. The first group was tested in an artificially controlled climate environment (ACCE); the second group was tested in a natural 
climate environment (NCE). 
 
  
Fig. 1. Concrete specimen and setup for temperature probe 
2.1.2. Experiment under artificial climate environmental conditions 
The prepared specimens were moved into the artificially controlled climate environment. The temperature in the concrete was 
then defined by the initial temperature of the concrete as T0, and the relative humidity in the concrete was measured and termed 
RHo. The temperature TE in the artificially controlled climate environment is arranged and controlled to be constant. The 
temperature in the concrete of the specimens is measured automatically by the probe at regular intervals. The measurements were 
stopped until equilibrium was established between the temperature of the concrete and the environment. 
2.1.3. Experiment under natural climate environmental conditions 
The preparing of specimens including curing, drying and cooling was the same as the experiment under the artificially 
controlled climate environment.  
The specimens were set on the testing table, and the table was positioned at a level of 0.5 m above ground. The experiments 
were conducted at an outdoor test ground under a natural climate environment, and the specimens were sheltered. 
Table 1. Environmental condition arrangement 
Environment condition 
Artificially climate controlled environment Natural climate (Sheltered) 
ACCE-1 ACCE-2 ACCE-3 ACCE-4 NCE-1, NCE-2 
Initial temperature of concrete T0 (℃) 14.3 8.7 12.1 37.1 15.0 
Environmental temperature TE (℃)  34.2 34.2 38.4 10.0 — 
Relative humidity of environment RHE 
(%) 85.0 85.0 40.0 85.0 — 
Initial relative humidity in Concrete RH0 
(%) 85.0 85.0 40.0 85.0 85.0 
2.2. Temperature responses in concrete under artificial climate environmental conditions 
Figs. 2 and 3 show the measured temperature responses in the concrete specimen at a 25 mm depth. From the figures we can 
see a higher rate of temperature response for the initial ascending or descending process. When the difference between the 
concrete temperature and the environmental temperature becomes less, the rates will slow down. At the final stage, the 
temperatures of the concrete and the environment are becoming more similar. The test results show that the difference between 
the initial temperature in the concrete and the environmental temperature is a main factor influencing the response. 
2.3. Temperature responses in concrete under a natural climate environment 
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Fig. 4 shows the temperature variation under a natural climate environment and the corresponding temperature response at a 
depth of 25 mm in the concrete specimen. The figure presents the following characteristics:  
(1) The environmental temperature and the response temperature in the concrete both vary in day and night cycles, however 
the temperature response occurs several hours later than the environmental temperature variation.  
(2)  The top value of the temperature response is lower than the maximum environmental temperature; the lowest value of the 
temperature response is higher than the minimum environmental temperature in a day and night cycle.   
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Fig. 2. Temperature response curves of concrete in the process of heating-up Fig. 3. Temperature response curve of concrete in the process of cooling 
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Fig. 4. Variations of environmental temperature and response temperature in test NCE -1 (08.12.16~08.12.19) 
3. Model for predicting temperature response in concrete under ACCE 
3.1. Basic law of thermal conduction 
The basic law was presented by J. Fourier[8] as 
n
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∂⋅⋅−=⋅⋅−= λλφ )(                                                                                         (1) 
Where, φd  is infinitesimal heat transferred per unit time, W;λ  is the thermal conductivity of materials, W/(m·K); dA  is an 
infinitesimal area perpendicular to heat flow, m2; t  is temperature of objects, ℃; 
n
t
∂
∂  is temperature gradient in objects, K/m。  
On the basis of the law and principle of energy conservation, and without considering the effect of inner heat source of 
materials, the differential equation of the thermal conduction is established as 
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Where, ρ  is the density of the thermal conductor, kg/m3; c is the specific heat of the thermal conductor, J/(kg ⋅ k); τ∂
∂t  is the rate 
of temperature change in the thermal conductor, K/s; λ is the thermal conductivity of the thermal conductor, W/(m·K). 
3.2. Model for calculating the thermal conductivity of concrete 
The temperature response in concrete under a climate environment is a thermal conduction process. The thermal conductivity 
is a main factor influencing the temperature response. On the basis of the thermal conduction principles, the thermal conductivity 
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of concrete is related to W/C and moisture content of concrete. The basic model is shown in Equation 3.  
wbCWa ×+×+= ）（ /0λλ                                                                                       (3)               
Where, λ is the thermal conductivity of concrete, W/(m·K); W/C is the ratio of water and cement; w is moisture 
content, %; oλ , a  and b are constants determined by tests. 
The tests for measuring the thermal conductivity of concrete were carried out, and the thermal conductivity was measured by 
the thermal conductivity tester (QUICKLINE-30TM). The dimensions of each concrete specimen are 100 × 100 × 20 mm3. 
Three kinds of W/C are designed and they are 0.48, 0.54 and 0.62 respectively. The method of determining the moisture content 
of concrete is using the relationship among the moisture content, relative humidity and temperature; this relationship will be 
reported in another paper. The measured thermal conductivities are shown in Fig. 5. 
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Fig. 5. Relationship between thermal conductivities and moisture content under different W/C 
Fig. 5 shows the relationship among the thermal conductivities, W/C and moisture content of the concrete. The thermal 
conductivities are in direct proportion to the moisture content and inverse proportion to W/C of the concrete.  
On the basis of the measured data, multivariate linear regression analyses were carried out using SPSS software. oλ , a  and 
b  in Equation 3 were determined, and Equation 4 for calculating the thermal conductivity was built. 
wCW ×+×−= 67.9)/(4.199.1λ                                                                                  (4) 
3.3. Model for predicting the temperature response under ACCE 
Thermal conduction of the concrete specimen is three-dimensional. The differential equation (2) for thermal conduction is 
simplified as a product of the three one-dimensional solutions [9], as shown in Equation (5). 
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Where, xδ2 , yδ2 and zδ2 are the dimensions of the concrete specimen; ),,,( τθ zyx is the excess 
temperature, ( , , , ) ( , , , )x y z t x y z tθ τ τ ∞= − ; ),,.( τzyxt is the temperature in concrete; 0θ is the initial excess temperature, 
∞−= tt00θ ; nβ is the solution of transcendental equation δβδβ n
i
n
B=)tan( ; iB is the Biot number, i hB δλ= ; a is the thermal 
diffusivity,
c
a ρ
λ= ; 2/δτaFO = , OF  is Fourier criterion number. 
The temperature response of the test specimen shown in Fig. 1 under an artificially controlled climate environment can be 
predicted based on Equation 5. If the thermal conductivity λ = 1.80 W/(m·K), convective heat-transfer coefficient h = 12.47 
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W/(m2·K), and iB and OF  can be obtained, then 
2
1μ , 1μ and A are determined. Finally, temperature response in concrete 
),,.( τzyxt can be calculated. 
Fig.6 shows the comparison between the measured data and the calculated values. 
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Fig. 6. Comparison between the measured data and calculated values of temperature in concrete 
4. Hysteresis characteristics of temperature response in concrete 
4.1. Time interval for building equilibrium between temperatures of concrete and environment 
Fig.2 and Fig.3 show the temperature response in the concrete under constant environmental temperature. The temperature 
responses need a time interval to build the equilibrium between the temperature in concrete and the environmental temperature.  
The time interval is dependent on the initial temperature difference ( 0 Et t tΔ = − ), thermal conductivity λ and the  convective 
heat-transfer coefficient h. 
4.2. Hysteresis characteristics of the temperature response under natural climate environmental conditions 
The characteristics of temperature response in concrete under a natural climate environment shown in Fig. 4 are related to the 
time interval for building equilibrium between the temperatures of concrete and the environment, and caused by the thermal 
conduction of the concrete. In this paper, these characteristics are termed a hysteresis characteristic. 
The curves shown in Fig.7 are a part of the curves in Fig. 4. The hysteresis characteristic shown in Fig.7 indicates that the 
peak point or valley point of the response temperature occurs several hours later than that of the environmental temperature. 
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Fig. 7. Diagrammatic sketch of concrete temperature response hysteretic characteristics under natural climate environmental conditions (08-12-18) 
5. Action spectrum of temperature under natural climate environmental condition 
Predicting the temperature response in concrete under the condition of natural climate is difficult because of randomness of 
the environmental temperature variations. Therefore, it is necessary to simplify the environmental temperature variations 
provided that their temperature responses are equivalent. This paper presents a mathematical method that is called extreme 
difference dissection method [10] to simplify the environmental temperature variations. 
5.1. Extreme difference dissection method 
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This method is a cluster analysis method. According to the principle of this method, the extreme difference R of one group of 
data ( 1x , … , nx ) is the difference between the maximum and the minimum values. The extreme difference R shows the degree 
of difference within the data.  
iniini
xxR ≤≤≤≤ −= 11 minmax                                                                                                      (6)  
             
A group of data 1x , … , nx  is divided into k dissections, and the extreme difference of each dissection ( 1R , 2R , … , kR ) is 
calculated respectively. If the iRmax  can achieve the minimum, the k dissections are the optimum dissection. 
5.2. Simplifying process of the environmental temperature variations 
Natural environmental temperature shows variations in day and night cycles. On the basis of the extreme difference dissection 
method, the data of environmental temperature in an entire day are divided into three dissections. The simplified environmental 
temperature variation is shown in Fig.8 and termed temperature action spectrum under a natural climate environment. 
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Fig. 8. Treatment results of daily temperatures in a natural environment 
6. Temperature response in concrete based on the temperature action spectrum 
On the basis of each dissection value in the temperature action spectrum and the model for predicting the temperature 
response under constant environmental temperature, the temperature response in concrete under a natural climate environment 
can be predicted. 
Fig.9 shows measured temperature variations under a natural climate environment and the corresponding temperature action 
spectrum. Fig.10 shows comparison between the measured temperature response and the predicted temperature response in 
concrete. The comparison is quite consistent. 
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Fig. 9. Action spectrum and measured values of natural environment temperature 
(08-12-12 ~ 08-12-26) 
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Fig. 10. Response spectrum and measured values of temperature in concrete 
 (08-12-12~08-12-26)  
7. Conclusions 
1) The temperature response in concrete under an artificial climate environment indicates the hysteresis characteristic which is 
dependent on the initial temperature difference tΔ , the thermal conductivity λ and the convective heat-transfer coefficient h of 
the concrete. 
2) The temperature response in concrete under a natural climate environment shows the hysteresis characteristic on the time 
and temperature value. The peak point or valley point of the response temperature occurs several hours later than that of the 
environmental temperature.  
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3) A model for predicting temperature response in concrete under constant environmental temperature is presented based on 
the principles of thermal conduction. 
4) An extreme difference dissection method for simplifying the environmental temperature variation is presented. Action 
spectrum of temperature corresponding to the environmental temperature variation is constructed based on this method.  
5) The temperature response in concrete under a natural climate environment can be predicted based on the achievements of 
this research. Comparison between the measured temperature response and the calculated temperature response in concrete 
shows consistency. 
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